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SUMMARY 
A n  analysis  of a sample of turbulence data obtained from VGH records 
taken on Lockheed U-2 airplanes during research fl ight up t o  55,000 f e e t  
over England and Western Europe has indicated substantial  reductions in 
t h e  number and in t ens i ty  of gusts with increasing alt i tude.  These r e s u l t s  
on the  var ia t ion  of atmospheric turbulence over England and Western Europe 
were found t o  be i n   o v e r a l l  agreement with previous turbulence data obtained 
from airplane- and balloon-borne instruments over the United States. 
INTRODUCTION 
The col lect ion of detailed information a t  high al t i tudes on atmos- 
pheric turbulence and other meteorological conditions has,  in the past ,  
been largely dependent upon t h e   a v a i l a b i l i t y  of operational airplanes.  
A s  a consequence, the  co l lec t ion  of such data has, in general, lagged 
behind the development of a i rp lane  a l t i tude  capabi l i t i es .  To the present  
time, the  ava i lab le  a i rp lane  measurements of atmospheric turbulence have 
been   a lmost   en t i re ly   l imi ted   to   f l igh t   a l t i tudes  below approximately 
45,000 feet. For higher altitudes, the only information available i s  
some measurements obtained by means of balloon-borne instruments. (See 
bulence variations with alt i tudes to approximately 60,000 f e e t .  I n  a d d i -  
t i o n   t o   t h e   a l t i t u d e   l i m i t a t i o n s  of the foregoing investigations,  the meas- 
urements were also l imited in  regard to  geographic  areas and were l a rge ly  
confined to  con t inen ta l  United States. This lack of information on high- 
' altitude turbulence conditions around the world has been a handicap i n  
a i rc raf t  des ign  s tudies  and in  opera t iona l  ana lys i s ,  bo th  in  regard  to  
a i r c ra f t   l oad  problems and i n   r e g a r d   t o   s t a b i l i t y  and control  problems. 
ib ref. 1.) These  measurements  have  provided limited  information on tur- 
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During the   ea r ly   pa r t  of 1956, the National Advisory Committee f o r  
Aeronautics,  in.cooperation with the A i r  Weather Service of the United 
S ta tes  A i r  Force,  ini t ia ted a research program aimed a t  providing detailed 
meteorological information both a t  higher alt i tudes than those covered by 
present-day operating airplanes and for various geographic areas of t h e  
world. The a v a i l a b i l i t y  of Lockheed U-2 airplanes a t  t h e  i n i t i a t i o n  of 
t h i s  program permitted the coverage of f l igh t  a l t i tudes  to  approximate ly  
55,000 f e e t .  The NACA a c t i v i t y   i n   t h i s  program has so far been primarily 
aimed at obtaining information on the  amount and in t ens i ty  of atmospheric 
turbulence at these higher  a l t i tudes.  The A i r  Weather Service has simul- 
taneously provided instrumentation t o   c o l l e c t   d a t a  on humidity, pressure 
var ia t ions,  and winds. 
The i n i t i a l   r e s e a r c h   f l i g h t s  of t he  U-2 airplane were undertaken t o  
cover two geographic areas, the United States and Western Europe. Because 
of opera t iona l  d i f f icu l t ies ,  a s t a t i s t i c a l l y  s i g n i f i c a n t  sample was  i n i -  
t i a l l y   ob ta ined  only from the operations over England and Western ELzrope. 
For these operations, measurements covering a t o t a l  of 22,000 f l i g h t  
miles were made and evaluated. Although this sample i s  small, t h e  i n i t i a l  
results appear t o  be of suf f ic ien t  in te res t  to  warran t  publ ica t ion .  Accord- 
ingly,  these results are presented herein and a re  compared with the earlier 
estimates on the  var ia t ion  of atmospheric turbulence with altitude given 
in  reference 1. 
INSTRUMENTATION AND SCOPE  OF DATA 
The flight measurements were obtained during f l ights  sf several  
Lockheed U-2 airplanes for the high-alt i tude meteorological research 
program of the  NACA in cooperation with the A i r  Weather Service. The 
Lockheed U-2 is  a subsonic, straight wing, single-engine airplane 
originally designed for use as a h igh-a l t i tude   t es t  medium f o r  engine 
and aircraft-component testing. The high-altitude performance and economy 
of operation of t he  U-2 airplane were the  prime fac tors  a f fec t ing  i t s  
select ion for  use in  the present  research program. 
The measurements pe r t inen t   t o   t h i s   r epor t   cons i s t ed   i n   t ime-h i s to ry  
records of airspeed, acceleration, and pressure al t i tude taken with NACA 
VGH recorders  ( ref .  2) .  The t ime his tor ies  were recorded on photographic 
paper moving a t  8 inches per minute. Records were obtained on 17 f l i g h t s  
during operations from bases at Lakenheath, England, and Wiesbaden, Germany, 
between May and September 1926. The f l i gh t  p l ans  used in  the  opera t ions  
cons is ted  in  c l imbing  to  an  a l t i tude  of approximately 45,000 fee t ,  c ru is ing  
i n i t i a l l y   a t  approximately 45,000 fee t   wi th   the   a l t i tude   g radual ly   increas ing  
t o  approximately 55,000 as the fuel load decreased, and then descending t o  
t h e  home base.  For these init ial  operations,  the fl ight schedules were . 
based primarily on a i rp lane  ava i lab i l i ty ,  and no attempt was made t o  schedule 
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f l i g h t s   t o  sample turbulence associated with specific meteorological 
conditions. The turbulence encountered during the present operations 
was, f o r  t h e  most pa r t ,  i n  c l ea r  air ,  and no turbulence i n  heavy cumulus 
clouds or  thunderstorms i s  represented in these data.  
The scope of t h e  d a t a  i n  terns of miles flown within different  a l t i -  
tude intervals  i s  summarized in  the  fo l lowing  table: 
I Pressure al t i tude,  f t  I Fl ight  miles I 
20,000 t o  30,000 
10,461 50,000 to 55,000 
6 , 021 40,000 t o  50,000 
3 , 492 30,000 t o  40,000 
1,548 
Total  21 , 522 
Because of the operational procedures used, only a small amount of infor-  
mation was obtained a t  the  lower altitudes; consequently, only the data 
above an a l t i t u d e  of 20,000 f e e t  are included i n   t h i s  paper. 
EVALUATION OF DATA 
The VGH records were evaluated to  obtain the ver t ical  gust  veloci-  
t i e s ,  t he  pe rcen t  of rough a i r  at var ious al t i tudes,  and the horizontal  
extent of the turbulent  areas encountered. The evaluation procedures 
a re  s imi la r  t o  the procedures used in  re ference  1 and are discussed 
briefly in the following paragraphs.  
The ve r t i ca l  gus t  ve loc i t i e s  were derived from simultaneous readings 
of acceleration, airspeed, and al t i tude through the use of the gust  equa- 
t i o n  which i s  given in reference 3 as 
where 
Ude derived  gust   velocity,   fps
an  peak normal acceleration, g un i t s  
W airplane  weight, l b  
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S wing area, sq f t  
Kg gus t   fac t  or 
Ve equivalent  irspeed,  fps 
m wing l if t-curve  slope,   rradian 
PO air densi ty  a t  sea  level,   slugs/cu f t  
In evaluating the records,  the accelerations were read t o  a threshold 
su f f i c i en t ly  low t o   y i e l d  complete frequency counts of a l l  g u s t ' v e l o c i t i e s  
greater  than 2 f ee t  pe r  second. Values of airspeed and pressure al t i tude 
were obtained from the records for each acceleration evaluated. The in- 
f l i g h t  w e i g h t  l o s s  was accounted f o r   i n  determining the values of wing 
loading W/S for  use in  the equat ion.  Appropriate  values  of the gust  
f ac to r  Kg were computed for each part of the record where rough air  was  
encountered. The values of the  l i f t -curve  s lope  m used in  der iv ing  the  
gus t  ve loc i t ies  were based on data  from the airplane manufacturer. 
The gust-velocity values presented herein may be open t o  some question 
because of e f f ec t s  of a i r p l a n e  f l e x i b i l i t y  and s t a b i l i t y  on the accelera-  
t i ons  from which the  gus t  ve loc i t ies  were computed. The wgnitude of these  
e f f ec t s  i s  not known a t  present,  and addi t ional  work is requireh- before 
the i r  in f luence  on the gust-velocity values can be assessed. 
In  addi t ion  to  de te rmining  the  gus t  ve loc i t ies ,  the  VGH records were 
evaluated to  obta in  the  hor izonta l  ex ten t  of turbulent areas and the per- 
cent of rough a i r  a t  the  d i f fe ren t  a l t i tudes .  For the purpose of deter-  
mining the horizontal  extent  of the turbulent areas,  the akrplane was 
considered t o  be i n  rough a i r  whenever the accelerometer trace was con- 
tinuously disturbed and contained accelerations corresponding t o  gust 
ve loc i t ies  grea te r  than  2 feet per second; this  threshold corresponds to  
that used in previous gust studies such as reference 1. The length of 
each turbulent area was found simply by multiplying the true airspeed by 
t h e  time spent i n  t h e  rough air. The swlmation of the lengths  of t he  
individual areas of rough a i r  was d iv ided  by  the  to ta l  f l igh t  d i s tance  for  
given al t i tude intervals  in  order  to  obQain the percent  of rough air for 
t ha t  i n t e rva l .  
( 
RESULTS ANT) DISCUSSION 
Overall Gust Distr ibut ions 
The gust velocit ies derived from the  acce lera t ion  and airspeed data 
are presented as frequency dis t r ibut ions in  table  I fo r  fou r  a l t i t ude  
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in te rva ls  between 20,000 and !3?,000 feet and are shown i n  figure 1 as 
cumulative frequency distributions per mile of t o t a l   f l i g h t   f o r  each 
a l t i t ude  in t e rva l .  The cumulative distributions give the average num- 
ber  of gusts per mile of t o t a l   f l i g h t  which exceeded given values of 
gust  velocity.  Inspection of t he  results of t h i s  i n v e s t i g a t i o n  i n  f i g -  
ure 1 shows t h a t ,  over the alt i tude range covered, variations on the  
order of 10 t o  1 exis t  in  the frequency with which given gust velocit ies 
were encountered. In  general ,  the  dis t r ibut ions depict  a consistent 
decrease in gust frequency with increasing alt i tude.  The ,da ta  for  the  
a l t i t u d e s  of 30,000 t o  40,000 fee t  devia te  from t h i s   p a t t e r n   t o  some 
extent,  however, and indicate  a lower frequency for  the higher  gust  
ve loc i t ies  than  would be expected from the general  pat tern.  Because of 
the  l imi ted  sample s ize ,  th i s  devia t ion  from the general  pat tern may not 
be real, but due t o  a sampling error. 
For comparison with the present data, the cumulative frequency 
d is t r ibu t ions  of gust  veloci ty  were determined from t h e  r e s u l t s  of ref- 
erence 1 and these dis t r ibut ions are a l s o  shown i n  f i g u r e  1. These dis-  
tr ibutions are based on the  bas ic  d is t r ibu t ion  of non-thunderstorm tur- 
bulence and the variation of gust  intensi ty  with al t i tude given in  f ig-  
ures 5 and 1, respectively,  of reference 1. Comparison of t he  two sets 
of d i s t r ibu t ions  in  f igu re  1 shows tha t  the  s lopes  of t he  two sets of 
distributions are about the same but  tha t ,  in  genera l ,  the  da ta  of t h i s  
invest igat ion indicate  somewhat lower gust frequencies than those obtained 
from reference 1. One possible  reason for  the l ighter  level  of turbulence 
for  the  present  da ta  i s  the limited seasonal coverage, the present data 
covering only the summer months; whereas t h e  r e s u l t s  from reference 1 
represent average turbulence conditions for operations throughout the 
year. More severe clear-air turbulence may be anticipated during seasons 
of the year other than summer and par t icular ly  during the winter  months 
when the  winds a t  h igh  a l t i t ude  a re  l i ke ly  to  be the s t rongest .  
In tens i ty  of Turbulence 
I n   o r d e r   t o  compare in  fu r the r  de t a i l  t he  gus t  measurements of t h i s  
inves t iga t ion  wi th  the  resu l t s  from reference 1, it i s  h e l p f u l  t o  con- 
s ider  separa te ly  the  var ia t ions  in  the  in tens i ty  and i n   t h e  amount of 
rough a i r  with al t i tude.  A s  an indication of t he  seve r i ty  of t h e  rough 
air alone, the cumulative frequency distributions of gust  veloci ty  per  
mile of f l i g h t   i n  rough air are p l o t t e d  i n  f i g u r e  2 for t he  d i f f e ren t  
a l t i t ude  in t e rva l s .  For comparison; the corresponding gust distributions 
f o r  non-thunderstorm turbulence were calculated from reference 1 and are 
a l so  shown in the f igure.  Inspect ion of the present  data  in  f igure 2 
shows tha t ,  in  genera l ,  the  gust frequency per mile of rough air  a l so  
decreased with increasing altitude. However, again,  the data for t h e  
a l t i t u d e s  of 30,000 t o  40,000 f e e t  do not  fol low this  pat tern and, i n  
t h i s  case, indicate a lower frequency than is  shown for  the  o ther  
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a l t i t udes .  Examination of the  t ime-his tory  records  revea led  tha t  th i s  
low gust frequency resulted mainly from two long (30 t o  50 miles) areas 
of turbulence of low i n t e n s i t y .  I n  view of t he  pecu l i a r i t y  of t he  data 
f o r  t h e  a l t i t u d e s  of 30,000 t o  40,000 fee t ,  the  present  ind ica t ion  of a 
low gus t  f requency  for  th i s  a l t i tude  in te rva l  i s  open t o  question. 
Comparison of t h e  r e s u l t s  of t h i s  i nves t iga t ion  on the gust inten- 
s i t y ,  based on miles of f l i g h t   i n  rough air ,  with the corresponding 
r e s u l t s  from reference 1 shows not only that the two sets of d i s t r ibu-  
t i o n s  have approximately the same s lopes but  a lso that  the gust  inten-  
s i t y  i s  considerably lower for the present data.  (See fig.  2.) For a 
given frequency of occurrence, the gust velocities shown by the present  
data are, in general, only about 75 percent as large as the  gus t  ve loc i t ies  
given by the results from reference 1 f o r   t h e  same a l t i t ude   i n t e rva l .  
For t h e  a l t i t u d e  of 30,000 t o  40,000 feet ,  the  percent  i s  even lower, 
it being about 50 percent. Thus, in  genera l ,  the  in tens i ty  of t he  rough 
a i r  fo r  t he  da t a  of t h i s  i nves t iga t ion  is  substant ia l ly  lower than that  
given by reference 1. 
I n   a d d i t i o n   t o   t h e   d i r e c t  comparison of the  gus t  in tens i t ies  g iven  
in the preceding paragraph, it is  of i n t e r e s t  t o  compare the  r e l a t ive  
var ia t ions of the  gus t  in tens i t ies  wi th  a l t i tude  for  the  two s e t s  of gust 
d i s t r ibu t ions .  In  figure 3, the  var ia t ions  of the gust  intensi ty  with 
a l t i t ude  fo r  t he  p re sen t  r e su l t s  and the resul ts  based on reference 1 
are given in terms of t h e   r a t i o  of the  maximum gust velocity expected 
i n  a given flight dis tance  in  rough a i r  a t  t h e  lower a l t i t u d e  i n t e r v a l  
(20,000 t o  30,000 f e e t )   t o   t h e  maximum gust  veloci ty  for  the same f l i g h t  
d i s t ance  in  rough a i r  a t  higher  a l t i tudes.  The da ta  in  f igu re  3 were 
obtained by determining from the gust  dis t r ibut ions of figure 2 the  maxi- 
mum gust velocity expected in a g iven  f l igh t  d i s tance  in  rough a i r  a t  
d i f fe ren t  a l t i tudes  for  each  sample of data. For this  pmpose,  a gust 
frequency of 0.05 per mile i n   f i g u r e  2 w a s  se lected as being through the 
more rel iable  range of the present  dis t r ibut ions.  The values of maximum 
gust velocity obtained from figure 2 for  each set  of d i s t r ibu t ions  were 
then normalized to  the  gus t  ve loc i ty  fo r  t he  lower a l t i t u d e   i n t e r v a l   i n  
order t o  ob ta in  the  gus t -ve loc i ty  ra t ios  p lo t ted  in  f igure  3. 
Figure 3 shows tha t  t he  r e l a t ive  va r i a t ion  of the  gus t  in tens i ty  
wi th  a l t i tude  for  the  present  data i s  i n  good agreement with the results 
from reference 1 except f o r  the  da ta  for  the  a l t i tudes  of 30,000 
t o  40,000 f ee t .  A s  previously noted, however, t h e  r e l i a b i l i t y  of t he  
data  a t  t h i s  a l t i t u d e  i s  open t o  some question. The comparison presented 
i n  figure 3 impl ies  tha t  the  var ia t ion  in  gus t  in tens i ty  wi th  a l t i tude  
over Western Europe, a t  l e a s t  f o r  t h e  summer season, i s  similar t o   t h a t  
indicated in  reference 1 f o r   t h i s  country. 
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Amount of Turbulence 
The percent of the  f l igh t  d i s tance  wi th in  each  a l t i tude  interval  
which was i n  rough a i r  i s  presented in figure 4. Similar results,  based 
on airplane and telemeter data from reference 1, are also given i n  the  
figure f o r  comparison. Figure 4 shows t h a t  t h e  results of t h i s  i n v e s t i -  
ga t ion  a re  in  good agreement with the resul ts  from reference 1 f o r  a l t i -  
tudes above 35,000 f e e t .  Below th i s  a l t i t ude ,  t he  p re sen t  da t a  ind ica t e  
sl ightly higher percentages of rough a i r  than do the data from refer- 
ence 1. The high percentage of rough a i r  fo r  t he  a l t i t udes  of 30,000 
t o  35,000 feet  resul ted from the  two areas of 30 t o  50 miles of turbulence 
of low i n t e n s i t y  t h a t  were mentioned previously. Thus, i n  general ,  the 
amount of rough a i r  a t  the  var ious  a l t i tudes  i s  f a i r l y   c l o s e   t o   t h a t  
given in reference 1, with the pr incipal  difference between the present  
r e s u l t s  and those from reference lbeing associated with the less severe 
in t ens i ty  of the turbulence noted previously. 
Size of Turbulent Areas 
The d is t r ibu t ion  of the horizontal  extents  or lengths of the turbu- 
l e n t  areas, determined from the accelerat ion records,  i s  given i n   f i g -  
ure 5 as the percent of t h e   t o t a l  number of areas within class  intervals  
of 10 miles. The d i s t r ibu t ion  i s  based on 115 turbulent areas encountered 
during the present operations between 20,000 and 55,000 f e e t .  The dis-  
t r i bu t ion  of turbulent areas given in  re ference  1 is  a l s o  shown i n  the  
f igu re  fo r  comparison. For the present data, approximately 75 percent 
of the turbulent  areas  were l e s s  t han  10 miles in length and l e s s  t han  
2 percent of t h e  rough areas exceeded a length of 40 miles. Additional 
analysis  of the  da ta  ind ica ted  tha t  the  d is t r ibu t ions  of the lengths of 
turbulent  areas  did not  vary s ignif icant ly  with al t i tude for  a l t i tudes 
between 20,000 and 55,000 feet .  Figure 5 shows t h a t ,  on the average, the 
s i zes  of the turbulent  areas  for  the present  data  appear  to  be somewhat 
smaller than those given by the results of reference 1. The smaller s izes  
for  the present  turbulent  areas may a l s o  be associated with the l imited 
seasonal coverage of the data  of th i s  inves t iga t ion .  
CONCLUDING RFSIARKS 
An analysis  of a small sample of turbulence data obtained from NACA 
VGH recorders during research fl ights of t h e  Lockheed U-2 a i r p l a n e s   t o  
a t t i t u d e s  of 55,000 feet  over England and Western Europe during the  summer 
of 1956 has indicated substant ia l  reduct ions in  the number and in t ens i ty  
of gusts with increasing alt i tude.  The resu l t s  ind ica ted  tha t  the  length  
of turbulent areas was l e s s  t han  10 miles f o r  about 75 percent of t h e  
areas encountered and t h a t  less than about 2 percent of the  a reas  of rough 
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air  extended more than 40 miles. These r e s u l t s  on the  in tens i ty ,  amount, 
and extent of atmospheric turbulence were found t o  be in  overal l  agree-  
ment with the results given i n  NACA RM L53Gl5a for operations over the 
United States. The pr incipal  difference between t h e  r e s u l t s  of t h e  two 
invest igat ions was the  ind ica t ion  tha t ,  on the  whole, the turbulence 
encountered during the surveys over England and Western Europe was about 
2.5 percent less severe than that for operations over the United States. 
Langley Aeronautical Laboratory, 
National Advisory Committee for  Aeronautics, 
Langley Field, Va., December 17, 1936. 
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TABLE I. - FREQUENCY DISTRIBUTIONS OF DERIVED GUST VELOCITY BY ALTITUDE 
Frequency  distribution for altitudes,  ft, Of - 
Gust  velocity, 
ude, f P S  50,000 to 40,000 to 30,000 to 20,000 to 
30,000 55,000 50 , ooo 40,000 
2 to 2.9 
9 to 9.9 
1 1 " 2 8 to 8.9 
2 7 to 7.9 
3 4 1 4 6 to 6.9 
3 5 4 8 5 to 5.9 
12 12 10 21 4 to 4.9 
28 51 42 44 3 to 3.9 
74 70 84 94 
" " 
" " " " 
10 to 10.9 1 -- 1 " 
T o t a l  121 144 14 1 176 
10 
- 
NACA RM ~ 5 7 ~ 1 1  
1 
Figure 1.- Comparison of present  resu l t s  on the frequency of exceeding 
given values of gust velocity per mile of t o t a l  flight wi th  resu l t s  
from reference 1, 
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Figure 2.- Comparison of present  resu l t s  on the frequency of exceeding 
given values of gust  velocity per mile of rough a i r  with resul ts  from 
reference 1. 
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Figure 3.- Variation i n  r e l a t i v e  gust ve loc i t ies  wi th  a l t i tude .  
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Figure 5.- Distr ibut ion of the lengths of tu rbulen t  a reas  for  a l t i tudes  
between 20,000 and 55,000 f e e t .  
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